Previous studies have suggested that the segmental pattern of neural-crest-derived sympathetic ganglia arises as a direct result of signals that restrict neural crest cell migratory streams through rostral somite halves. We recently showed that the spatiotemporal pattern of chick sympathetic ganglia formation is a two-phase process. Neural crest cells migrate laterally to the dorsal aorta, then surprisingly spread out in the longitudinal direction, before sorting into discrete ganglia. Here, we investigate the function of two families of molecules that are thought to regulate cell sorting and aggregation. By blocking Eph/ephrins or N-cadherin function, we measure changes in neural crest cell migratory behaviors that lead to alterations in sympathetic ganglia formation using a recently developed sagittal slice explant culture and 3D confocal time-lapse imaging. Our results demonstrate that local inhibitory interactions within inter-ganglionic regions, mediated by Eph/ephrins, and adhesive cell-cell contacts at ganglia sites, mediated by N-cadherin, coordinate to sculpt discrete sympathetic ganglia.
INTRODUCTION
Neural crest cells are a migratory population of pluripotent cells (LeDouarin and Kalcheim, 1999 ) that emerge from the dorsal neural tube along the vertebrate axis (Garcia-Castro et al., 2000; BronnerFraser, 1986 ) and migrate along stereotypical pathways through the embryo (Newgreen et al., 1986; Loring and Erickson, 1987; Schilling and Kimmel, 1994; Kulesa and Fraser, 2000; Trainor and Krumlauf, 2002) to populate specific peripheral targets (Kontges and Lumsden, 1996; Bronner-Fraser, 1986 ). Based on their axial level of origin, neural crest cells give rise to vastly diverse derivatives. Specifically, trunk neural crest cells give rise to components of the enteric nervous system, melanocytes, dorsal root and sympathetic ganglia (LeDouarin and Kalcheim, 1999) . Sympathetic ganglia are crucial for proper function of the autonomic peripheral nervous system, including blood pressure regulation, vasal dilation and smooth muscle control. Trunk neural crest cells migrate through the rostral portion of each somite, forming a repeating pattern of discrete cell migratory streams (Rickmann et al., 1985; Bronner-Fraser, 1986; Tosney and Oakley, 1990; Krull et al., 1995) . Molecular analyses have confirmed that complementary expression of ephrinB1 (on the caudal half of somites) and its receptor EphB2 (on trunk neural crest cells) mediate neural crest cell-substrate interactions that sculpt chick trunk neural crest cells into discrete migratory streams (Wang and Anderson, 1997; Krull et al., 1997) . As each discrete trunk neural crest cell migratory stream terminates ventral to a rostral half-somite, there has been speculation that sympathetic ganglion formation is the direct result of the iterated neural crest cell migratory stream pattern imposed by the somite (Bronner-Fraser, 1986; Lallier and Bronner-Fraser, 1988; Oakley and Tosney, 1993) .
The cellular and molecular mechanisms that drive neural crest cells to segregate into discrete ganglia have not yet been elucidated due to the lack of a model system to assay and monitor the affects of potential molecules and signals influencing neural crest cell behavior. Recently, using intravital time-lapse confocal microscopy, we described in detail the spatiotemporal migration of chick neural crest cells through the somites and their arrival at sympathetic ganglion target sites (Kasemeier-Kulesa et al., 2005) . Surprisingly, upon arrival at the sympathetic ganglion target sites, neural crest cells deviate dramatically from their segregated pattern and spread out in the anterior and posterior directions. The neural crest cells then undergo a later re-sorting into discrete ganglia (KasemeierKulesa et al., 2005) . In this study, we investigated the molecular mechanisms that mediate the segregation of neural crest cells into discrete sympathetic ganglia. We mechanistically tested two hypotheses for the formation of discrete sympathetic ganglia: (1) the sorting of trunk neural crest cells into discrete sympathetic ganglia results from an Eph-ephrin repulsion in the inter-ganglionic regions (the regions ventral to the caudal somite, between presumptive sympathetic ganglia); and/or (2) that a local cell-adhesion-mediated interaction drives the aggregation and coalescence of neural crest cells into discrete sympathetic ganglia. Using in vivo 3D confocal time-lapse imaging coupled with molecular perturbations, we demonstrate that, in fact, both mechanisms are operative: N-cadherin mediates attractive interactions and Eph/ephrin mediates repulsive interactions to sculpt neural crest cells into discrete sympathetic ganglia.
MATERIALS AND METHODS

Embryos
Fertilized White Leghorn chicken eggs (Ozark Hatchery, Meosho, MO) were placed in an incubator at 38°C (Kuhl, Flemington, NJ) . Eggs were rinsed with 70% alcohol and 3 ml albumin removed. Eggs were windowed and embryos staged according to Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1951) . Embryos at HH St. 10 were injected with an EGFP-encoding plasmid, pMES, 4.3 g/ml, to fluorescently label premigratory neural crest cells located in the dorsal neural tube. pMES is a control EGFP empty vector that utilizes the chick ␤-actin promoter and internal IRES site. Fast Green FCF (Sigma, F-7252; 10 g/ml) was added 1:5 to the injection needle to visualize injection of the construct. The EGFPEph/ephrins and N-cadherin coordinate to control the pattern of sympathetic ganglia plasmid was microinjected into the lumen of the neural tube using a borosilicate glass capillary pulled needle (World Precision Instruments, MTW100-4) until the region of the neural tube between the forelimbs and hind limbs was filled. Constructs were electroporated into premigratory neural crest cells using gold-coated Genetrode electrodes (Fisher, BTX512) and electroporator (Genetronics, San Diego, CA) with five 50-millisecond pulses of 20 volts. Eggs were resealed with adhesive tape and incubated at 38°C for 2-3 days, then selected for brightness and uniformity of EGFP labeling.
Antibody-function-blocking injections
Embryos electroporated with EGFP at HH St. 10 (previously described) were used for these experiments. EGFP-labeled embryos at E3 were surveyed using a fluorescence dissecting microscope (Carl Zeiss, Stemi SV11). EphB2-Fc (100 g/ml), ephrinB1-Fc (100 g/ml), and Fc-control (100 g/ml) fusion proteins were obtained from R&D Laboratories respectively) . Fast Green FCF (Sigma, F-7252) was added to fusion proteins at 1:10 to visualize injection of fusion protein blocking reagents in ovo. By HH St. 17, neural crest cells have migrated through the somite and reached the dorsal aorta (Fig. 1A-C) . Using HH St. 17 embryos, we microinjected either EphB2-Fc, ephrinB1-Fc or Fc-control immediately lateral to neural crest cells dispersed along the anteroposterior axis adjacent to the dorsal aorta, injecting a bolus of inhibitor the length of one-half to one somite (Fig. 2) . Briefly, a hole was made in the vitelline membrane above the ventral edge of the somites. The needle filled with Fc-fusion proteins was attached to a micromanipulator (World Precision Instruments, M3301) for fine control of placement and injection within the embryo. The tip of the needle was brought down adjacent to the ventral edge of the somites and the corridor where neural crest cells were dispersed. A picospritzer (Picospritzer III; Parker Hannfin Corporation) was used to deliver a small bolus of Fc-fusion proteins. Eggs were resealed with adhesive tape and incubated at 38°C for 24-36 hours. After this incubation period, live embryos were removed from the egg (Krull and Kulesa, 1998) , fixed in 4% paraformaldehyde (PFA), mounted on 22ϫ75 mm microslides (VWR 48314-024), and imaged using an inverted lasar scanning confocal microscope (Zeiss Pascal LSM). As an internal control, affects of inhibitory Fc-fusion bodies were analyzed anterior and posterior to the site of inhibitor injection. NCD2 blocking antibody (300 g/ml), and Hu rat IgG (control for NCD2; from P. Henion and J. Weston, University of Oregon) were injected and analyzed in the same location and manner as Eph/ephrin Fc-fusion proteins.
Electroporation of misexpressing cadherin vectors
Wild-type chicken N-cadherin (gift of M. Takeichi) and dominant negative cadherin, CBR (Riehl et al., 1996) , were subcloned into the pMES expression vector. Fast Green FCF was added to CBR-pMES (dominant negative cadherin; 4.0 g/ml) and NCad-pMES (full-length N-cadherin) 1:10. Plasmids were electroporated in ovo into HH St. 10 embryos (see above) to label premigratory neural crest cells and reincubated. Embryos were harvested at E3-E4, fixed in 4% PFA and sympathetic ganglia were analyzed.
Embryo preparation for sagittal cultures
HH St. 10 embryos were injected with EGFP control or misexpressing constructs (described above). Embryos were reincubated for 2-3 days when further manipulation was performed (i.e. inhibitor injection). Embryos were harvested in Ringer's solution, membranes removed and sagittal explants made (Kasemeier et al., 2004) . Sagittal explants were transferred to Millipore culture plate inserts (Millipore, PICMORG50) coated with 20 g/ml fibronectin (Gibco, 33016-015) cut side down. Culture insert and sagittal explant were then transferred to a glass bottom 35 mm Petri dish (MatTek Corp., P35G-0-14-C). Neurobasal medium (Gibco, 21103-049) , supplemented with 20 mM B27 (Gibco, 17504-044) was added to the bottom of the glass bottom Petri dish. The Petri dish was sealed with parafilm and imaged on a Zeiss Pascal LSM.
Static and 3D confocal time-lapse microscopy
Fixed, EGFP-labeled explants were visualized using a Zeiss Pascal LSM. For time-lapse microscopy, the microscope was surrounded with a snugfitting cardboard box and thermal insulation (Reflectix, BP24025) with a
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Development 133 (24) tabletop incubator (Lyon Electric, 950-107) fed into one side of the box (Krull and Kulesa, 1998) . The fluorescent EGFP plasmid was excited with the 488 nm laser line and FITC filter and all other imaging parameters were as described in Kasemeier et al. (Kasemeier et al., 2004) .
Immunohistochemistry
Embryos were collected in PBS and fixed in 4% PFA for 4 hours. Embryos for cryostat sectioning were rinsed in PBS, run up in a sucrose gradient (5%, 15%, 30% in PBS), embedded in OCT and stored at -80°C. Sagittal cryostat sections were obtained at 15 m thickness. Embryos for whole-mount staining were fixed as above, washed in PBS, blocked as previously described (Rifkin et al., 2000) and incubated in primary antibodies for 2-3 days at 4°C. Primary antibodies included: Hnk-1 (Developmental Studies Hybridoma Bank, University of Iowa), NCD2 (kind gift of M. Takeichi, Riken Center, Japan), EphB2 [anti-Cek5 (897-995) (Holash et al., 1995) ] and ephrinB1 (Koblar et al., 2000) . Embryos were then washed and blocked at room temperature for 1 hour before incubation in secondary antibody overnight at 4°C. Embryos were then washed with PBS and stored in 1ϫ PBS at 4°C. Slides with sectioned embryos for immunohistochemistry were removed from -80°C and rehydrated in Tris-buffered saline (TBS) for 20 minutes. Slides were washed with TBS + 0.5% Triton X-100 and blocked with TBS + 0.5% Triton X-100 + 20% goat serum and 0.01 mol/l glucose for 1 hour at room temperature. Primary antibody applied in blocking solution at 4°C overnight. Slides were washed and incubated for 1 hour in block at room temperature. Secondary antibody applied for 1 hour in block at room temperature. Slides were washed and coverslipped using the ProLong Antifade reagent kit (Molecular Probes, P-7481).
Data analysis
Images were collected, processed and analyzed using Zeiss AIM software. Measurement calculations were performed using AIM software. AIM software stores objective information and calculates distances in micrometers from pixel width. Filopodia counts (only over 1 m in thickness), cell speeds, displacement and meandering rates were calculated using Volocity software (Improvision). Statistical analysis was performed using Student's t-test.
RESULTS
The spatiotemporal expression of ephrinB1 and EphB2 correlates with sorting of neural crest cells into discrete sympathetic ganglia Our first goal was to identify candidate molecules with a spatiotemporal expression pattern that correlated with the movements of neural crest cells from inter-ganglionic regions. As ephrinB1 and its receptor, EphB2, have been shown to be expressed in complementary patterns and restrict neural crest cell migration to the rostral somite, we tested whether EphB2/ephrinB1 expression near the dorsal aorta correlated with changes in neural crest cell migratory behaviors. Using immunohistochemistry and antibodies to ephrinB1, EphB2 and Hnk-1 to identify neural crest cells, we examined expression patterns in the chick trunk during sympathetic ganglia formation (Fig. 1A ,B,D,E; E2.5-3.5; HH St. 17-21). At HH St. 17, neural crest cells were dispersed along a corridor between the ventral edge of the somite and dorsal aorta in a continuous stream (Fig. 1A,B) . By HH St. 20, neural crest cells have re-sorted to form discrete sympathetic ganglia (Fig. 1D ,E) (Kasemeier-Kulesa et al., 2005) . Interestingly, at HH St. 17, ephrinB1 was absent from this corridor where neural crest cells dispersed (Fig. 1A , arrowheads). EphrinB1 was localized to the caudal somite as expected, but only extended to the ventral edge of the somite (Fig. 1A) . By contrast, EphB2 at HH St. 17 is expressed in neural crest cells that are spread along the corridor between the ventral somite and dorsal aorta and by Hnk-1 positive neural crest cells in the rostral somite ( Between HH St. 17 and 20, the spatial extent of ephrinB1 expression increases from the ventral edge of the somite into mesodermal tissue in the presumptive inter-ganglionic regions. By HH St. 20, ephrinB1 is expressed from the ventral edge of the somites into the mesodermal tissue in the presumptive interganglionic regions (Fig. 1D, arrowheads) . Interestingly, neural crest cells that were dispersed between presumptive sympathetic ganglia sites at HH St. 17 emigrate away from the inter-ganglionic region and condense to form discrete ganglia by HH St. 20 ( Fig.  1D-F ; circled regions). Neural crest cells condense to form discrete ganglia ventral to the rostral half of each somite, and our data show that EphB2 expression is maintained on neural crest cells as they condense to form sympathetic ganglia (Fig. 1E ). EphrinB1 was still expressed in the caudal portion of each somite and remaining neural crest cells in the rostral somite expressed EphB2 (data not shown). Thus, there is a temporal correlation between the extension of ephrinB1 expression into mesodermal tissue in the inter-ganglionic regions and the directed movement of neural crest cells away from these regions into discrete ganglia.
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Eph/ephrins and N-cadherin pattern sympathetic ganglia Blocking EphB2 or ephrinB1 inhibits segregation of sympathetic ganglia Given the spatiotemporal correlation between these gene expression patterns and neural crest cell movements in the interganglionic regions, we tested the hypothesis that ephrinB1 and EphB2 play a role in neural crest cell sorting. To block signaling in ovo, we utilized ephrinB1 and EphB2 fusion proteins. These Fc-fusion proteins compete for binding to their endogenous respective proteins and abrogate signaling that would normally be stimulated by EphB2-expressing neural crest cells binding ephrinB1 (Krull et al., 1997) . Embryos were injected and electroporated in ovo with the EGFP-plasmid pMES into the neural tube of HH St. 10 embryos to label premigratory neural crest cells. By HH St. 17, neural crest cells have arrived ventrally to the rostral somite and are dispersed along an anteroposterior corridor adjacent to the dorsal aorta. We focally injected Fc-fusion proteins in ovo immediately lateral to neural crest cells along the dorsal aorta at HH. St. 17, before the sympathetic ganglia sorting process ( Fig. 2A,B, red ovals) . We injected at this time point, as injecting Fc-fusion proteins, dominant negative or siRNA constructs earlier would affect premigratory neural crest cells and their initial migration through the somites. Thus our experimental strategy was designed to avoid any perturbation of neural crest cell migration before the cells had arrived at the dorsal aorta. After 24 hours of reincubation (>HH St. 20) , when neural crest cells should have formed discrete ganglia, embryos were harvested and fixed in 4% PFA. Sagittal explants were then made, mounted on glass slides, and imaged to assess sympathetic ganglia formation.
Our data demonstrate that neural crest cells do not sort into normal discrete sympathetic ganglia in the presence of either the ephrinB1-Fc or EphB2-Fc inhibitors ( Fig. 2C-E) . Strikingly, in ephrinB1-Fc-or EphB2-Fc-injected embryos, EGFP-positive neural crest cells remained dispersed adjacent to the dorsal aorta and failed to condense into discrete ganglia (Fig. 2D,E) . By contrast, in control IgG-Fc injected embryos, discrete sympathetic ganglia formed laterally to the rostral half of each somite (Fig. 2C) . Analysis of the fluorescence intensities of the EGFP-labeled neural crest cells confirmed the lack of sorting in Eph/ephrin-Fc-injected embryos compared with control IgG-Fc-injected embryos (Fig. 2C-E) .
Time-lapse confocal imaging, using sagittal explant cultures, revealed that neural crest cells inhibited by EphB2/ephrinB1 Fcfusion proteins display intriguing cell migratory behaviors ( Fig. 3 ; see Movie 1 in the supplementary material). Their inability to sort adjacent to the dorsal aorta was not due to an inability to move. To quantify their behavior in relation to their lack of migration away from the inter-ganglionic region, we counted the filopodial extensions of individual neural crest cells at the time when control neural crest cells were sorting into ganglia. In the presence of ephrinB1-Fc, neural crest cells extended and retracted numerous filopodia [6±0.6 (s.d.); P<0.001] from their entire cell body and further extensions off of these filopodia (5.5±1.0) (Fig. 3F) . By contrast, Fc-control injected embryos extended fewer filopodia (3.6±0.79) (Fig. 3F) . Taken together, these results show that an increase in filopodia extended from EphB2/ephrinB1-inhibited neural crest cells indicated their ability to sense their environment, but in spite of that, they were unable to respond to signals that would influence them to emigrate from the inter-ganglion region into discrete sympathetic ganglia.
Development 133 (24) Interestingly, the net displacement in ephrinB1-Fc injected embryos was significantly less than in control embryos (Fig. 3A-D,G) . Total distance traveled and net displacement were calculated using time-lapse data sets and cell tracking software, and the directionality calculated (net displacement/total distance traveled). For control injected embryos, neural crest cells had a directionality of 0.64±0.133, whereas ephrinB1-Fc injected embryos had a directionality of 0.32±0.167 (P<0.001). The total distance traveled and net displacement of 7 neural crest cells in the presence of ephrinB1-Fc and three control neural crest cells are graphed in Fig.  3G . The net displacement of each cell is significantly lower than its overall distance migrated. This measurement indicates that in the presence of ephrinB1-Fc, neural crest cells moved in a less directed manner. Neural crest cells positioned in the inter-ganglionic regions maintained filopodial extensions to neural crest cells in the incipient sympathetic ganglia anterior and posterior to its position (Fig. 3A-D) . These neural crest cells persisted in inter-ganglionic regions in the presence of Eph/ephrin blockers with no apparent signs of repulsion at the time when control neural crest cells had sorted into sympathetic ganglia. Intriguingly, cells from the incipient sympathetic ganglion region were even observed entering into and residing within the inter-ganglionic region well after normal segmental sympathetic ganglion formation should have occurred. Interestingly, sympathetic ganglia posterior to the site of EphB2-Fc injection (>3 somite lengths) segregated normally (white brackets; Fig. 3E ). Taken together, these data show that sympathetic ganglion sorting is affected only locally, near the area of Fc-fusion protein injections, as posterior sympathetic ganglia sorted normally.
N-Cadherin is expressed by neural crest cells segregating into discrete sympathetic ganglia
Based on extensive evidence for cadherin regulation as a mechanism that mediates cell aggregation in embryogenesis (Radice et al., 1997; Linask et al., 1998; Bronner-Fraser et al., 1992; Nieto, 2001; Pla et al., 2001 ), we re-examined the timing of N-cadherin expression in the trunk of E2.5-3.5 chick embryos during sympathetic ganglia formation. In agreement with previous studies, we found that Ncadherin was expressed by neural crest cells as they coalesced to form sympathetic ganglia (Fig. 1C,F) (Bronner-Fraser et al., 1992; Pla et al., 2001) . To test N-cadherin function during sympathetic ganglion formation, embryos that had previously been injected with EGFP at HH St. 10 to label premigratory neural crest cells were injected with the blocking N-cadherin antibody, NCD2, in ovo at HH St. 17. The injection and location was carried out in the same manner as Eph/ephrin fusion protein experiments (described above). The NCD2 injected embryos were reincubated for an additional 24 hours. After reincubation, embryos were harvested and fixed, and sagittal explants were made to analyze sympathetic ganglion formation. Analysis of NCD2 injected embryos showed that the shapes of sympathetic ganglia were altered (Fig. 4B) . In IgG-control injected embryos, normal sympathetic ganglia formation occurred (Fig. 4A) . When we measured the length of sympathetic ganglia in the anteroposterior direction and compared this to the anteroposterior length of the somite at the same axial level in both control and NCD2 injected embryos (Fig. 4C) , we noticed dramatic differences. The anteroposterior length of sympathetic ganglia was calculated as the percent of somite length spanned (ratio of sympathetic ganglia length to length of somite at same axial level; Fig. 4E ). In IgG-control injected embryos (Fig. 4A) , the length of sympathetic ganglia was 50.0±2.5% (Fig. 4E , light blue bar) of the length of the somite, corresponding to the length of the rostral somite. In NCD2-blocker injected embryos (Fig. 4B) , the length of sympathetic ganglia increased to 70.5±4.9% (P<0.0001; Fig. 4E , pink bar) the length of the somite. Thus, sympathetic ganglia were significantly more loosely aggregated in the presence of NCD2 than in control embryos.
As an additional test of the function of N-cadherin in sympathetic ganglion formation, we electroporated dominant-negative cadherin (DN-cadherin) and full-length N-cadherin (FL-cadherin) constructs containing EGFP into premigratory neural crest cells, HH St. 10. The DN-cadherin construct contains only the catenin-binding region of N-cadherin, and has been demonstrated to function as a dominant-negative construct, inhibiting N-cadherin function in vivo (Riehl et al., 1996) (R.B., unpublished). Injecting the cadherin constructs into premigratory neural crest cells will potentially alter their initial migration through the somites, thus affecting their 4843 RESEARCH ARTICLE Eph/ephrins and N-cadherin pattern sympathetic ganglia behavior at the dorsal aorta. This approach was used as a comparison to the function-blocking antibody injections after cells had arrived at the dorsal aorta. After 48 hours of reincubation, electroporated embryos were harvested and fixed. Sagittal explants were then made, mounted on glass slides and imaged to assess sympathetic ganglion formation. We compared the length of sympathetic ganglia to the length of the somite at the same axial level in control (EGFP), DN-cadherin and FL-cadherin electroporated embryos (Fig. 4C,E) . In control-electroporated embryos, the length of sympathetic ganglia was 48.6±4.1% of the length of the somite (Fig. 4E, yellow bar) . In DN-cadherin electroporated embryos, neural crest cells were able to sort into discrete ganglia but the length of sympathetic ganglia increased to 75.8±4.6% (Pр0.0001) of the length of the somite (Fig. 4E, red  bar) . This ~60% increase in the length of sympathetic ganglia is nearly the same as in the presence of the NCD2 blocker, indicating that potential defects during their ventral migration does not change the behavior of these cells once at the dorsal aorta. Interestingly, FL-cadherin electroporated embryos had a subtle difference in phenotype versus control embryos. The majority of FL-cadherinpositive cells sorted into ganglia adjacent to the rostral half of each somite, spanning 52.0±2.9% of the somite length, similar to control embryos (Fig. 4E, blue bar) . However, a subpopulation of cells maintained filopodial connections with other cells across the interganglionic regions between sympathetic ganglia (data not shown). Some filopodia stretched in opposite anteroposterior directions toward different, distinct sympathetic ganglia. This subpopulation of cells did not constitute a dense stream between ganglia but rather filopodial connections and/or single cell bodies interconnecting adjacent ganglia.
In comparison to sympathetic ganglia length and somite size, we measured the two-dimensional area occupied by neural crest cells at presumptive sympathetic ganglia sites in sagittal explants (Fig. 4D) . Due to inherent size differences of somites and ganglia at different axial levels, the sympathetic ganglia area was calculated as a percentage of the total area of the somite at the same axial level. Sympathetic ganglia in control electroporated embryos occupied 14.2±1.2% of the area of the somite (Fig. 4D, yellow oval) . Sympathetic ganglia in DN-cadherin electroporated embryos occupied 21.0±2.9 (P<0.004) of the somite area (Fig. 4D, red oval) . This is a ~50% increase compared with control embryos. FLcadherin sympathetic ganglia size was 10.4±1.3% (P<0.001), ã 30% decrease compared to control embryos (Fig. 4D, dark blue  oval) .
To analyze neural crest cell migratory behaviors in response to N-cadherin perturbations, we monitored cell movements using time-lapse confocal imaging. Embryos were electroporated with control EGFP, FL-cadherin or DN-cadherin at HH St. 10, reincubated until HH St. 19-21, and cultured using sagittal explants (Kasemeier et al., 2004) . Cell velocities were calculated as cells migrated ventrally through the rostral somite and after neural crest cells had reached ventral locations adjacent to the dorsal aorta, with both calculations being similar in value for each condition (Fig.  5E ). Control electroporated neural crest cells migrated at average speeds of 50±12.1 m/hour through the somite and 62.1±15.3 m/hour adjacent to the dorsal aorta (n=8 embryos; Fig. 5E ). Interestingly, FL-cadherin electroporated neural crest cells moved 75% slower than control electroporated neural crest cells, 19.3±5.14 m/hour through the somite and 16.2±2.4 m/hour adjacent to the dorsal aorta (n=7 embryos; P<0.01; Fig. 5E ). DNcadherin neural crest cells also moved more slowly (53%) than control neural crest cells, at 24.7±4.6 m/hour through the somite and 29.2±3.5 m/hour adjacent to the dorsal aorta (n=8 embryos; P<0.001; Fig. 5E ). The introduction of different N-cadherin constructs also altered cell morphologies; there were significant differences in the numbers and disposition of filopodia (Fig. 5A-C) . Measurements of filopodia may indicate the ability of the cells to adhere and coalesce into compact ganglia. Neural crest cells overexpressing FL-cadherin possessed numerous filopodia, 6.1±0.91 (P<0.001), that extended and contacted cells in all directions (Fig. 5C,D) . Control cells tended to have ~60% fewer filopodia (3.6±0.79), but the filopodia were longer and thicker than those extended by FL-cadherin cells (Fig. 5A,C-D) . By contrast, DN-cadherin cells displayed ~50% fewer filopodia (1.9±0.6; P<0.001) than control cells and were mostly extended in a bipolar direction from the cell body (Fig. 5B,D) . The number and thickness of filopodia correlates with ability of cells to potentially adhere to one another through cadherins. DN-cadherin expressing cells possessed fewer filopodia, correlating with the larger ganglion size seen above. Increasing the number of longer and thicker filopodia using FL-cadherin did not correlate with smaller ganglia, which indicates there is a limit at which more filopodia do not affect ganglion size.
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DISCUSSION
The segregation of trunk neural crest cells into discrete migratory streams that lead from the neural tube to the dorsal aorta have long been thought to be the basis for the metameric organization of sympathetic ganglia (Bronner-Fraser, 1986; Lallier and BronnerFraser, 1988; Oakley and Tosney, 1993; Keynes and Stern, 1988 ). Yet, our recent time-lapse analyses revealed that neural crest cells arrive at the dorsal aorta, then spread out along the anteroposterior directions and intermingle with neighboring neural crest cell migratory streams before undergoing a second resorting process (Kasemeier-Kulesa et al., 2005) . Elegant work published by Yip (Yip, 1986) had previously demonstrated that neural crest cells that contribute to a given sympathetic ganglion can arise from up to two segments rostrally and three segments caudally to that sympathetic ganglion. However, with his methods he was unable to identify where the cell mixing was occurring, i.e. in the neural tube, en route or at the target site. Although our work did not preclude cell mixing at earlier time points, it clearly demonstrated cell mixing at the target site. We hypothesized that a separate set of local cues at the sympathetic ganglia target locations sculpt neural crest cells into discrete structures. Our goal here was to identify and shed light on the molecular mechanisms that mediate the formation of discrete sympathetic ganglia. After careful gene expression analysis correlated neural crest cell positions to potential molecular candidates, we used blocking agents, expression vectors and intravital confocal 3D time-lapse imaging to measure changes in neural crest cell migratory behaviors and sympathetic ganglia size. Using our novel sagittal explant culture technique and application of blockers locally, we were able to wait until neural crest cells had completed their initial ventral migration, such that we would perturb only the neural crest cells at the dorsal aorta as they were redistributing and sorting into discrete ganglia.
Distinct gene expression patterns correlate with cell movements during sympathetic ganglia formation Our goal in this study was to identify and understand the molecular mechanisms that mediate the secondary sorting (re-sorting) of trunk neural crest cells into discrete sympathetic ganglia. Our results demonstrate two mechanisms that sculpt the formation of sympathetic ganglia (Fig. 6 ). The first mechanism involves the emergence of ephrinB1 ligand expression in the inter-ganglionic region that drives cells away and restricts cells from coalescing in the inter-ganglionic region. Eph receptors on neural crest cells and the emergence of ephrin ligands expressed in domains adjacent to the ventral edge of the caudal somite inhibit neural crest cells from remaining in the region ventral to the caudal somite. This forces neural crest cells to accumulate in regions immediately adjacent to the rostral somite, which is devoid of ephrinB1. Secondly, cells are influenced within a regional domain via homophilic adhesion molecules. As neural crest cells accumulate in closer proximity to one another (migrating away from ephrinB1-positive regions), Ncadherin expressed on these cells signals them to adhere to one another. These two distinct cellular behaviors mediated by inhibitory and adhesive mechanisms ultimately work together to sculpt the emergence of discrete sympathetic ganglia (Fig. 6) . Our results identify the need for both adhesive and repulsive mechanisms in ganglion formation, suggesting a tight spatiotemporal coordination between the local tissue microenvironment and neural crest cell movements. EphrinB1 ligand expression in the caudal somite (HH St. 17) extends in to the inter-ganglionic region (HH St. 20) over the period when EphB2-expressing neural crest cells retreat from inter-ganglionic regions (Fig. 1) . During this developmental window, neural crest cells express N-cadherin (Fig. 1) . Eph receptors and their ephrin ligands are key players controlling the position of tissue boundaries during multiple events in embryonic development through their ability to mediate cell sorting (Davy et al., 2004; Sela-Donenfeld and Wilkinson, 2005) . Xu et al. (Xu et al., 1999) showed that activation of Eph receptors or ephrins can also drive cell sorting in rhombomeres of the zebrafish. In addition to restricting trunk neural crest cell migration to the rostral somite halves (Wang and Anderson, 1997; Krull et al., 1997) , Eph/ephrins play key roles in repulsive guidance of axonal growth cones (Poliakov et al., 2004) . Our results agree with Xu et al. (Xu et al., 1999) , that adhesive systems can be coupled with Eph/ephrins to orchestrate cellular organization of tissues.
Sympathetic ganglia form from an interplay of cell sorting and cell adhesion What role do EphB/ephrinB interactions play during formation of sympathetic ganglia? We used ephrinB1-Fc to block and interfere with any receptors that would normally bind to ephrinB1, and alternatively used EphB2-Fc to block and interfere with any ligands that normally bind to EphB2 (Fig. 2) . Obtaining similar results with both fusion proteins suggests that these two molecules are indeed interacting and operative during the second sorting process of sympathetic ganglia into discrete ganglia. Although we cannot rule out that EphB2 and ephrinB1 could also interact with other ephrin 4845 RESEARCH ARTICLE Eph/ephrins and N-cadherin pattern sympathetic ganglia ligands or Eph receptors, our expression studies did not reveal appropriate spatiotemporal expression patterns for other family members we examined.
Recently, Eph/ephrins have been shown to signal both in forward (through the receptor) and reverse (through the ligand) direction signaling (Davy et al., 2004) . However, as demonstrated in our expression analysis and those of Krull et al. (Krull et al., 1997) and Santiago and Erickson (Santiago and Erickson, 2002) , ephrinBs are not expressed on neural crest cells; hence reverse signaling is not a potential mechanism in our system. Thus our work identifies a novel function for ephrinB1 in the life of a trunk neural crest cell that will give rise to sympathetic ganglia.
N-Cadherin controls ganglion size
What functions are adhesion molecules mediating during sympathetic ganglion formation? Blocking N-cadherin when neural crest cells were dispersed along the dorsal aorta interfered with the normal compaction of neural crest cells into tightly coalesced sympathetic ganglia (Fig. 4) . Interestingly, overexpression of FLcadherin resulted in no significant difference in ganglion length but a decrease in area. The increased intercellular adhesion induced by ectopic expression of N-cadherin apparently induces compaction of the ganglion without altering the length of cells along the anteroposterior axis. This is possibly due to the observation that some inter-ganglionic connections are still maintained, evidenced by persisting filopodial connections between ganglia. Additionally, the cells may be as tightly coalesced in the anteroposterior direction as they can be, so a difference is only observed when the overall area is calculated. Neural crest cells migrated normally, away from the interganglionic region where inhibitory interactions between Eph/ephrins occur; however, many neural crest cells maintained filopodial extensions within the inter-ganglionic region, and as a result the sympathetic ganglia that formed were less compact (Fig. 5) . We hypothesize that this is due to a decrease in local cell adhesion. Timelapse analyses of neural crest cells in FL-cadherin-and DN-cadherinelectroporated embryos revealed striking differences in average cell velocities (Fig. 5) . FL-cadherin neural crest cells presumably express more N-cadherin on their surface, increasing the potential to form homophilic adhesions with other cells expressing N-cadherin. Thus, they undergo an increase in cell-to-cell contacts, and hence move more slowly. We predict that with fewer functional cadherin molecules expressed on the surface of a cell, these neural crest cells would move faster than control cells, but in fact they do not. Pla et al. (Pla et al., 2001) showed that dissociated, isolated neural crest cells in culture did not migrate, suggesting that cells may need a 'baseline' of contacts with one another to migrate, and below this threshold they do not move due to lack of communication with their neighbors. Thus, both excess and limited N-cadherin-mediated cell adhesion perturbs the behavior of neural crest cells and disrupts normal formation of sympathetic ganglia.
Taken together, our data indicate that cell adhesion and inhibitory mechanisms work together to sort neural crest cells into discrete sympathetic ganglia. N-Cadherin has also been shown to influence cellular condensation in cartilage formation (Tuan, 2003) . As Ncadherin is expressed in multiple tissues at several time points in the developing embryo, it is not surprising that it can act during two stages of neural crest cell development: First, in neural tube formation and later to promote aggregation of sympathetic ganglia. Studies have also shown that differential expression of cell adhesion molecules within mixed cell populations can lead to cell sorting (Friedlander et al., 1989; Nose et al., 1988) . In our system, we are presumably dealing with one cell type during the sorting of neural crest cells into discrete sympathetic ganglia, and our data do not preclude a role for other adhesion molecules in the aggregation of neural crest cells as the cells form sympathetic ganglia. There is currently no evidence to support a model for a single cell adhesion molecule capable of forming a patterned structure, such as the metameric pattern of sympathetic ganglia.
In summary, our data indicate that both adhesive and repulsive mechanisms are necessary for the sculpting of discrete sympathetic ganglia. Using our novel sagittal explant culture technique and application of blockers locally, we were able to wait until neural crest cells had completed their initial ventral migration, such that we would perturb only the neural crest cells at the dorsal aorta as they were redistributing and sorting into discrete ganglia. Together, our data indicate that medial-to-lateral cues in the somite ensure that sympathetic ganglion precursor cells arrive adjacent to the dorsal aorta. Neural crest cells then respond to anteroposterior cues that refine the pattern of metameric ganglia. If cells were strictly responding to Eph/ephrin repulsive instructions, there would be no cue driving neural crest cells to form compact ganglia. If the cells were solely responding to the N-cadherin-mediated adhesion there would be no instructions for them to sort into a metameric pattern throughout the axis of the embryos. Thus, we suggest that neural crest cells integrate repulsive (Eph-ephrin) cues in inter-ganglionic regions and attractive (N-cadherin) cues to sort into discrete sympathetic ganglia. Future investigations of primary sympathetic ganglion formation will have the challenge of elucidating the simultaneous signaling events of multiple molecules.
